Background
==========

Attention-deficit hyperactivity disorder (ADHD) is one of the most commonly diagnosed disorders of childhood and can persist into adulthood. The symptoms of ADHD likely reflect the interplay of complex developmental processes involving both genetic liability and family environmental factors that are believed to shape the gradual, yet staged development of emotional and behavioral regulation during early to middle childhood \[[@B1]\]. Whereas the interplay of these processes is emphasized theoretically, empirical work has mostly examined the main effects of genetic and environmental influences on ADHD separately. Yet, examination of *interactions*between specific genetic and family environmental risk factors is sorely needed in order to test hypotheses regarding their multiplicative versus additive roles in the development of ADHD via behavioral and emotional dysregulation in children \[[@B1]\].

Examination of gene × environment interactions (G × E) is one straightforward way to evaluate these dynamic theories of ADHD. G × E effects may be characterized as genetically-modulated individual differences in sensitivity to environmental risk factors, such that particular environments exert risk for a disorder only for individuals with specific genetic variants or for given genotypes \[[@B2]\]. Quantitative behavioral genetic research has consistently shown that genetic contributions to ADHD are moderate to large \[[@B3]\]. The association of specific candidate genes with ADHD has been replicated \[[@B4],[@B5]\], but effects account for only a small fraction of the heritable component. Behavioral geneticists have long known that that the genetic and non-shared environmental variance components in traditional behavioral genetic models contain main effects as well as G × E interactions \[[@B6]\]. Therefore, the very high heritability seen in ADHD might be evidence in favor of G × E interactions for the disorder. Additionally, several environmental risk factors for ADHD have been identified \[[@B7],[@B8]\]. In all, the notion of G × E effects operating for ADHD is a compelling empirical possibility \[[@B9]\] in addition to its aforementioned theoretical appeal.

The next steps involve selection of specific genetic markers and specific family environment risk factors that may be operating synergistically in the development of behavioral and emotional regulatory capacities, deficiencies of which are believed to contribute to ADHD symptoms. Because of the hazards of arbitrary selection of variables, selection of the genes and environmental variables to study require theoretical as well as empirical considerations. We consider candidate genes first, then candidate environments.

Selection of candidate gene for G × E in ADHD
---------------------------------------------

Genes of the dopaminergic and noradrenergic neurotransmitter systems have been most studied due to their presumed centrality in the action of psychostimulants and noradrenergic reuptake inhibitors \[[@B10]\]. However, they have been primarily associated theoretically with ADHD\'s cognitive and reward-processing elements, rather than emotional dysregulation \[[@B11]\]. Genes coding for proteins involved in emotional regulation and impulse control systems are needed to test an integrated regulation model of ADHD \[[@B1],[@B11]\].

A particularly attractive neural system from this perspective is the serotonergic system. It has been hypothesized to play a role in ADHD because of its association with externalizing problems such as impulse control and aggression \[[@B12],[@B13]\]. Furthermore, serotonin is central to classical theories of behavioral regulation and constraint \[[@B14]\]. At the genetic level, the serotonin transporter gene is expressed in brain regions often implicated in emotion regulation, attention, and motor control \[[@B15]\].

We hypothesized that the serotonin transporter gene plays a role in the development of emotional and behavioral regulation and so is relevant to G × E effects in ADHD. The functional 44-bp promoter polymorphism of the serotonin transporter gene (5HTTLPR) has been frequently studied for psychiatric conditions. The \"short\" allelic variant results in reduced transcription efficiency and lower uptake activity \[[@B16],[@B17]\]. In contrast, the \"long\" (or \"high activity\" allele) has been associated with ADHD in case-control and within-family studies \[[@B4]\]. However a recent meta-analysis indicated significant heterogeneity in effect sizes across studies \[[@B5]\].

One potential explanation for that heterogeneity is that unmeasured environments are serving to enhance (or attenuate) the genetic association with the disorder. G × E investigations have been encouraged by evidence that the genetic regulation of serotonin neurotransmission is sensitive to experiences \[[@B18],[@B19]\]. In addition, a recent genome-wide investigation of G × E interactions for ADHD found suggestive (although not genome-wide significant) evidence of an interaction between parental warmth and a SNP in the serotonin transporter gene (p = 0.008) \[[@B20]\]. Thus, serotonin genes and 5HTTLPR specifically may be particularly well-suited for investigation of G × E in relation to a regulatory model of ADHD.

The role of serotonin in ADHD
-----------------------------

Despite the appeal of 5HTTLPR as a model micro-system for examining inputs to regulatory problems and ADHD, the role of serotonin requires further comment. First, as noted above, the 5HTTLPR \"long\" allele has been associated with ADHD, but the \"short\" allele with conditions that are often comorbid with ADHD, including mood problems, disruptive behavior problems, persistent aggression, and conduct disorder \[[@B21]-[@B24]\]. Likewise, studies of peripheral and central serotonergic functioning in children also have produced somewhat contradictory results. Both low \[[@B25]-[@B28]\] and high \[[@B29]-[@B31]\] serotonergic functioning have shown relationships with impulsivity and aggression in children and adolescents, whereas studies of animals and adult humans have mainly implicated low serotonergic activity for impulsive and aggressive behaviors \[[@B32]-[@B35]\]. These seeming contradictions would benefit from explanation and leave it unclear whether linear effects should be expected.

Second, with regard to nuances of the gene itself, we now know that an A\>G substitution is contained in a subset of the repeat sequences of 5HTTLPR. The A\>G substitution has functional significance, such that the long allele with the G substitution (Lg) functions similarly to the short allele (i.e., reduced transcription efficiency and decreased expression) \[[@B36]-[@B38]\]. This resultant triallelic model of 5HTTLPR (La, Lg, short) failed to show association with ADHD in one study \[[@B39]\], yet the low functioning alleles (short and Lg) were associated with conduct problems using case-control and within-family methods \[[@B22]\].

At least two basic possibilities can be suggested for these discrepant results. 5HTTLPR may function differently for ADHD and cognitive impulsivity versus aggressive impulsivity \[[@B40]\] or, alternatively, for the ADHD symptom dimensions of inattention and hyperactivity \[[@B41]\]. Thus, examination of ADHD as a unidimensional construct, its two constituent symptom domains of inattention and hyperactivity-impulsivity, and comorbid symptoms of oppositional and aggressive behavior, may aid in the clarification of these relationships.

Another, more provocative, possibility is that both the high and low activity 5HTTLPR genotypes confer risk for ADHD (and perhaps for related disruptive behaviors). Supporting this notion, the one prior study examining G × E interactions involving 5HTTLPR and ADHD found an association main effect with the more efficient \"long\" allele of 5HTTLPR (high serotonin transporter activity), yet an interaction with psychosocial adversity with the low-efficiency \"short\" allele of 5HTTLPR \[[@B42]\]. That is, it may be that optimal adjustment occurs at the mid-range of serotonergic transcription, and that at either extreme, the child is vulnerable to regulatory dysfunctioning in adverse contexts. This possibility, not formally examined in prior studies, requires that nonlinear as well as linear effects be considered in the triallelic model.

Selection of environmental risk factors for G × E
-------------------------------------------------

The only genome-wide association G × E study of ADHD suggested the serotonin transporter may interact with family distress measures \[[@B20]\]. This is not surprising given that the development of emotional and behavioral regulation in children is dependent on a range of variables related to the family environment. Familial conflict in particular has emerged as a particularly good candidate domain, due to its high salience for children and findings that chronic emotional stress during development can alter cortical functioning \[[@B43]\]. Family distress or conflict has been assessed in numerous ways over many decades of work. However, recent work consistently has emphasized the role of interparental conflict in child adjustment, including not only internalizing but also ADHD and externalizing behavior problems \[[@B44]-[@B53]\].

Nonetheless, developmental and family research has indicated that the child\'s appraisals of interparental conflict (and not just exposure) often play a determining role regarding the impact of conflict on youth behavior problems \[[@B44]\]. That is, the frequency of the conflict may not be as important for the development and persistence of attention and behavior problems as the extent to which children blame themselves or feel threatened by their parents\' disagreements. This perspective is particularly sensible in light of our interest in regulatory functions in ADHD \[[@B1]\] which are likely mediated at least in part by emotional arousal and construal. In support of this view, youth reports of interparental conflict are more predictive of behavior problems than are parents\' report of their own conflict and marital satisfaction \[[@B53],[@B54]\]. Children\'s observed distress level while witnessing conflict has been especially associated with biological changes, including increased stress response \[[@B55]\] and alterations in parasympathetic nervous system activity \[[@B56]\]. Additionally, a recent meta-analysis found that cognitive appraisals of self-blame in regard to interparental discord emerged as a particularly salient predictor of children\'s internalizing and externalizing problems \[[@B57]\]. Thus, construals of self-blame in relation to marital conflict emerges from the literature as a particularly potent experiential moderator that may interact with genetic liability in child dysregulation, and thus guided our hypothesis about how G × E may influence ADHD in the context of a dysregulation conception.

Summary
-------

The aim of the current study was to examine G × E effects for ADHD within the framework of a dysregulatory conception of ADHD, and thus focused specifically on examining a theoretically relevant interaction between the triallelic 5HTTLPR polymorphisms and youth perception of self-blame in relation to marital conflict. Given the mixed literature as to whether high or low serotonin activity would be a risk factor, the hypotheses included both linear models (that either low *or*high 5HTTLPR activity genotypes confer sensitivity to the psychosocial risk element) and a non-linear model (both low *and*high 5HTTLPR activity genotypes confer sensitivity to environmental risk, whereas moderate levels confer protection).

Methods
=======

Participants
------------

Participants were 304 children and adolescents ages 6-18 years (*M*= 14.04, *SD*= 2.70, 56.6% male). The sample was recruited using mass mailings to parents in the local school districts, public advertisements, and outreach to local clinics in order to screen as broad of a range of volunteers as possible for the study (and avoid the inferential biases inherent in a purely clinic referred sample). A multi-stage screening process was used to identify cases and non-cases meeting research criteria among those who volunteered. At stage 1, rule-outs were evaluated by a telephone screen (physical handicap, non-native English speaking, mental retardation, autistic disorder, and prescription of long-acting psychoactive medications\--due to affiliated studies of neuropsychological status that required medication washout; stimulant use was not a rule out). Families passed through the telephone screen were then invited to complete the stage 2 diagnostic screen. Informed consent was obtained from all participating parents; children provided written assent. These studies were approved by the local Institutional Review Board.

For stage 2, parents and teachers completed normative behavioral rating scales, including (1) the Conners\' (1997) Rating Scale-Revised short form \[[@B58]\], and (2) the DSM-IV ADHD Rating Scale \[[@B59]\]. One parent (in most cases, the mother) completed the Kiddie Schedule for Affective Disorders and Schizophrenia-E (KSADS-E) \[[@B60]\] with a trained master\'s level clinical interviewer.

At stage 3, final eligibility and diagnostic assignment were made using a best-estimate procedure as follows. Data from the KSADS-E and the parent and teacher rating scales, along with interviewer notes and observations and history of treatment, was presented to a diagnostic team consisting of a board-certified child psychiatrist and a licensed child clinical psychologist. Both professionals arrived independently at a clinical decision regarding ADHD subtype and comorbid diagnoses. Agreement rates were acceptable for all diagnoses (all kappas \>.89). In all cases of disagreement, consensus was able to be reached upon discussion.

Those youths with subthreshold ADHD (5 symptoms, N = 10) or situational ADHD (n = 6) were included for analysis of dimensional symptom scores but not in analysis of diagnostic group effects. The final sample consisted of 137 non-ADHD participants, 151 ADHD participants (72 Primarily Inattentive Subtype, 1 Hyperactive-Impulsive Subtype, 78 Combined Subtype), and 16 subthreshold/situational (ADHD NOS).

### Exclusionary criteria

Youth were excluded if they had mental retardation (based on having a full-scale IQ \<75), head injury with a loss of consciousness, a history of seizures as ascertained by parent report, autistic or pervasive developmental disorder as reported by the parent, or KSADS-E diagnosis of current major depressive episode (viewed as rendering ADHD symptom ratings difficult to evaluate), lifetime bipolar disorder, or lifetime psychosis.

Perception of inter-parental conflict
-------------------------------------

To assess inter-parental conflict, children and adolescents completed the Children\'s Perception of Inter-parental Conflict scale (CPIC) \[[@B53]\] with the assistance of a staff person. Youth rated the 48 CPIC items on a three-point scale (0-2: false, sort of true, and true). Children completed the CPIC if they either (1) lived with both biological parents (n = 197), (2) lived with one biological parent/guardian and a step-parent or other co-habitating adult (n = 59), or (3) lived with one biological parent but had frequent contact with their other parent and often observed interactions between their parents to complete the CPIC (co-parenting; n = 48). Children who had never lived with or interacted with a second parent, or no longer had meaningful contact with a second parental figure, were not included. Although the CPIC was developed for children 8 and older \[[@B53]\], one concern was that young children even older than age 8 might have difficulty reading or comprehending the items \[[@B61]\]. Therefore, for children who were under the age of 10 or who were identified as poor readers on the WIAT \[[@B62]\] word reading test earlier in the visit, the examiner read the items aloud while the child looked on. Prior work \[[@B63]\] suggested that this procedure yielded an equivalently valid factor structure for the CPIC in 6-9 year old children versus in children 10 and older.

Factor analytic work \[[@B63]\] concluded that the CPIC item set yields 4 factors. The nine-item self-blame scale was the focus of analysis here based on prior work demonstrating specific links between self-blame and youth behavior problems \[[@B48]\]. Sample items from the CPIC self-blame scale include \"My parents usually argue about something that I do\"; \"It is usually my fault when my parents argue\"; and \"I am to blame when my parents argue.\" Internal consistency reliability for the nine-item self-blame scale was satisfactory (alpha = .83). Self-blame scores ranged from 0-18, with 0 indicating denial of all self-blame items (n = 74 youth, 24.3% of the sample, scored a 0). To capture the entire range of self-blame, all 304 youth were retained in the analyses.

Bivariate correlations revealed significant relationships between self-blame and (a) child\'s report of conflict frequency and severity (r = .34, p \< .001) and (b) parent report of the frequency of negative interactions between themselves and their spouses in front of the child as rated on the O\'Leary-Porter scale (r = .27, p \< .001) \[[@B64]\]. These data suggested that the self-blame scale was indeed tapping into a cognitive and/or emotional appraisal of interparental conflict.

Although self-blame was the primary marital conflict appraisal examined in the current study, to provide a contrasting test we also examined scores on the eleven-item conflict properties scale, which measures the frequency and intensity of observed marital conflict. Items from the conflict properties scale included \"I never see my parents arguing or disagreeing\" (reverse scored), and \"When my parents have an argument, they yell a lot.\" Internal consistency reliability for the 11-item scale was adequate (alpha = .87). Conflict properties scale scores ranged from 0-22, with a score of zero indicating denial of all conflict properties items (n = 1). Again, to capture the entire range of conflict properties, all 304 youth were included. It was *not*expected that this measure would interact with serotonin genotype. Rather, it provided a contrast measure to evaluate the likelihood that we are detecting interactions on all measures regardless of content, versus detecting interactions specifically for self-blame.

DNA collection and serotonin transporter genotyping
---------------------------------------------------

### Overview

Buccal DNA samples were requested from all participating children and adolescents and purified using previously used methods \[[@B65]\].

### Serotonin transporter promoter polymorphism

The 44-bp promoter polymorphism of the serotonin transporter gene (5HTTLPR) and the rs25531 A\>G polymorphism were genotyped as follows. The \"short and long\" alleles of the 5HTTLPR were genotyped according to previous methodology \[[@B16]\] with the following modifications to the primer sets (5\'-GACTGAGCTGGACAACCACG-3\' and 5\'-GGTTGCCGCTCTGAATGCCA-3\'). Genomic DNA (40 to 60 ng) was amplified using the *Taq*DNA Polymerase kit (Qiagen Inc., Valencia, CA), standard kit protocol, including 1.5 mM MgCl~2~, 0.2 mM dNTPs, and 0.7 μM primer. Polymerase chain reaction (PCR) conditions consisted of an initial denaturing step at 95°C for 3 minutes, followed by 35 cycles of: 95°C denaturation for 30 seconds, 63°C annealing for 30 seconds, and an extension at 72°C for 45 seconds, followed by a final extension step of 4 minutes at 72°C. A portion of the amplified DNA was analyzed using a 2% agarose gel to determine the L/S alleles. The remainder of the amplification reaction was digested with *Msp*I endonuclease (New England Biolabs, Ipswich, MA) and examined by 3% agarose gel electrophoresis. The final products were (340, 120, and 64 bp) for (La), (174, 166, 120, and 64 bp) for (Lg), and 484 bp (short).

Based on previous work \[[@B22],[@B37]\] we assigned the following genotypes to the high, intermediate and low activity groups. Those homozygous for the La allele were classified as \"high\" 5HTTLPR activity (n = 78). Those with the La/Lg or La/short genotypes were classified as \"intermediate\" 5HTTLPR activity (n = 137). Individuals with Lg/Lg, Lg/short, or short/short genotypes were classified as \"low\" 5HTTLPR activity (n = 89).

ADHD symptom outcome measures
-----------------------------

In order to examine effects at all levels of symptoms and to avoid artifacts associated with examining G × E using dichotomized outcomes \[[@B66]\], we elected to use dimensional ratings of on the Conners\' Rating Scale \[[@B58]\] as the primary outcome measures. These included outcomes for the main ADHD analyses (ADHD Index, Cognitive Problems, and Hyperactivity subscales) as well as supplemental analyses for the Oppositionality scale as a contrast measure. We examined raw scores on the Conners\' Rating Scale scores as the primary measure, rather than the ADHD Rating Scale, because the distribution of scores better approached normality and thus maximized statistical power. The Conners Rating Scale also allowed us to include measures of ADHD and oppositional behaviors from the same measure.

The primary dependent measures relied on *teacher*ratings for several reasons. First, it enabled complete disaggregation of the sources of data (which could be partially confounded by parent ratings, because parents who are distressed by marital conflict may also inflate their ratings of child ADHD symptoms). Put another way, teacher ratings of child ADHD and oppositional behaviors are unlikely to be directly influenced by inter-parental conflict in the home. Teacher reports of attention problems in particular have also been cited as a robust predictor of life outcomes when controlling for other environmental variables, including single parent status, socially disadvantaged community, parental education, and child IQ as well as disruptive and emotional behavior problems \[[@B67]-[@B69]\]. However, *parent*ratings are also reported in order to evaluate strength of internal replication via a second informant.

For both teacher and parent report, interactions were first examined for the total ADHD Index score on the Conners\' Rating Scale (alpha = .89). In a Fisherian strategy \[[@B70]\], if that effect was significant then we planned to examine the symptom dimensions of inattention and hyperactivity-impulsivity separately (with p value of .025 as threshold for significance for each dimension in order to adjust for multiple comparisons).

Statistical analyses
--------------------

### Testing gene -environment interplay for ADHD symptoms

Prior to examining G × E effects, we examined gene-environment correlations (rGE). A relation between the genetic and environmental risk factors (e.g., 5HTTLPR and self-blame) can confound any test of G × E, as rGE effects can potentially emerge (falsely) as G × E. We tested for rGE by examining differences in reports of self-blame by level of 5HTTLPR genotype.

Next, hierarchical linear regression analyses were used to examine potential gene × environment interactions for ADHD. As mentioned earlier, we set out to examine both the linear effects of 5HTTLPR (i.e. that either low *or*high serotonin activity genotypes exert risk) and non-linear effects of 5HTTLPR (i.e. that both low *and*high serotonin activity genotypes exert risk). The interactions (linear × self-blame and non-linear × self-blame) were evaluated using the following orthogonal coding system. For the linear effects, high, intermediate, and low activity 5HTTLPR genotypes were coded as 1, 0, -1 respectively. For non-linear effects, high, intermediate, and low activity 5HTTLPR genotypes were coded -1, 2, -1, respectively.

### Secondary tests of G × E interplay for oppositional and conduct problems

Although our main focus was on ADHD symptoms as the outcome, dysregulation models involving serotonergic functioning and conflict within the family environment have also been advanced for problems commonly comorbid with ADHD, including oppositional and conduct problems. Therefore, as a secondary test of G × E effects, we also conducted the interaction analyses using reports of oppositional problems as the dependent measure in order to determine if effects generalized to disruptive behaviors or were specific to ADHD.

Results
=======

Sample characteristics and covariates
-------------------------------------

Demographic and descriptive statistics of the children (excluding the n = 16 youth with ADHD-NOS) are presented in Table [1](#T1){ref-type="table"}. As expected, youth in the ADHD group were rated as having more inattentive and hyperactive symptoms across informants and measurement method. The ADHD group was more predominately male and significantly younger than the non-ADHD group; thus age and gender were covaried in all models. Families of ADHD children also had significantly lower annual incomes than the non-ADHD families.

###### 

Demographics and descriptive statistics for ADHD cases and non-ADHD controls.

                                           [Control (N = 137)]{.ul}   [ADHD (N = 151)]{.ul}   [p]{.ul}
  ---------------------------------------- -------------------------- ----------------------- ----------
  \% Male                                  48.2                       64.2                    .006
  \% Caucasian                             74.5                       78.1                    .46
  \% African-American                      14.6                       11.3                    .40
  \% Latino                                6.6                        3.3                     .20
  \% Other                                 4.4                        7.3                     .30
  Age (SD)                                 14.7 (2.4)                 13.5 (2.8)              \<.001
  \% Both Biological Parents               71.5                       60.3                    .044
  \% Parents Separated/Divorced            10.9                       18.5                    .071
  \% Parents Re-Partnered                  17.5                       21.2                    .43
  Yearly Household Income (SD)^+^          74 (36)                    63 (36)                 .02
  *KSAD Diagnostics*                                                                          
   Inattentive Symptoms (SD)               1.2 (2.0)                  7.3 (1.8)               \<.001
   Hyperactive Symptoms (SD)               .57 (1.1)                  4.1 (3.2)               \<.001
   % ODD                                   8.8                        27.2                    \<.001
   % CD                                    1.5                        9.9                     .002
   % MDD                                   10.2                       21.9                    .008
  *Conners\' Teacher Report*                                                                  
   Cognitive Problems T Score              51.8 (12.3)                61.7 (14.6)             \<.001
   Hyperactivity T score                   49.8 (9.3)                 60.3 (11.8)             \<.001
  *ADHD Rating Scale \-- Teacher Report*                                                      
   Inattentive Symptoms                    .62 (1.7)                  4.0 (3.2)               \<.001
   Hyperactive Symptoms                    .32 (.10)                  2.1 (2.8)               \<.001
  *5HTTLPR Genotype*                                                                          
   % High Activity (La/La)                 .28                        .25                     .53
   % Moderate Activity (La/Lg, La/s)       .42                        .46                     .49
   % Low Activity (Lg/Lg, Lg/s, or s/s)    .30                        .29                     .88
  CPIC Self-Blame Score                    1.9 (3.0)                  4.1 (3.6)               \<.001
  CPIC Conflict Properties Score           9.1 (5.5)                  11.6 (5.0)              \<.001

*Note*. SD = standard deviation; ODD = Oppositional Defiant Disorder; CD = Conduct Disorder; MDD = Major Depressive Disorder-Lifetime. KSADS-E Diagnostics based upon parent report.

\+ Income in thousands of dollars.

Children in the ADHD group were less likely to be living with both biological parents than non-ADHD children. This latter difference in regard to family constellation may potentially influence reports of self-blame, as children experiencing parental separation and/or divorce may be more likely to observe frequent and intense marital conflict and therefore, may have higher levels of self-blame. Whereas children who had experienced parental separation and/or divorce reported higher scores on conflict properties (M = 11.8, *SD*= 5.5) and higher mean levels of self-blame (*M*= 3.4, *SD*= 3.5) than those living with both biological parents (conflict properties *M=*10.0, *SD*= 5.2; self-blame *M*= 2.9, *SD*= 3.3), the difference was marginally significant for conflict properties \[F(1,302) = 2.7, p = .07) and was not significant for self-blame,\[F(1,302) = 1.6, p = .20\]. Children living with a step-parent did not report significantly higher levels of conflict properties or self-blame than did children living with two biological parents (ps \> .33). Despite this, as a precaution we covaried family composition (i.e., living with two biological parents, living with one biological parent and one step-parent, living with one biological parent only) in the main G × E analyses (with no effect on the results).

Youth in the ADHD group also had significantly higher scores on the conflict properties subscale of the CPIC compared to their non-ADHD counterparts (see Table [1](#T1){ref-type="table"}). Although this did not appear to significantly differ based upon family composition, we also conducted the G × E models with conflict properties entered as a covariate (with no significant change in results).

Ethnicity/race and 5HTTLPR
--------------------------

There were no differences between the ADHD and non-ADHD group in terms of ethnicity or race (see Table [1](#T1){ref-type="table"}). However, ethnic variation is a potentially important variable in genetic studies. Table [2](#T2){ref-type="table"} shows that, as in other reports \[[@B50],[@B51]\], there were significant differences in the distribution of 5HTTLPR alleles by ethnic group, such that the La and Lg alleles both occurred more frequently in African-American children than non-African-American children. As a precaution, race and ethnicity were covaried as follows. Ethnicity/race was first divided into three codes: (1) Caucasian versus non-Caucasian, (2) African-American versus non-African-American, and (3) Latino versus non-Latino. The three codes were then entered at step 1 of all regression models.

###### 

5HTTLPR allele frequencies and genotypes by self-reported ethnic group.

                                [La]{.ul}   [Lg]{.ul}   [Short]{.ul}
  ----------------------------- ----------- ----------- --------------
  Caucasian (N = 229)           .49         .06         .45
  African-American (N = 42)\*   .61         .19         .20
  Latino (N = 15)               .33         .07         .60
  Other (n = 18)                .28         .17         .55
  *Total*                       *.48*       *.09*       *.43*

*Note*. \*La and Lg allele frequency significantly greater in African-American participants compared to non-African American participants, (La, p = .048; Lg, p = .007).

Main effects of 5HTTLPR on ADHD
-------------------------------

Table [1](#T1){ref-type="table"} also includes the 5HTTLPR allele frequencies in the ADHD and non-ADHD groups. There were no significant differences in the distribution of 5HTTLPR alleles among ADHD and control youth (all *p*\> .25). There were also no significant main effects of 5HTTLPR genotype when dimensional measures of ADHD were examined. As seen in Table [3](#T3){ref-type="table"}, 5HTTLPR genotype was unrelated to ADHD and externalizing symptoms (KSADS-E) as well as scores on the ADHD Rating Scale and Conners\' Rating Scale.

###### 

ADHD and externalizing symptoms: main effect tests of high, intermediate and low activity 5HTTLPR genotypes.

                                       High        Intermediate   Low         p     p^e^   p^eas^
  ------------------------------------ ----------- -------------- ----------- ----- ------ --------
  N                                    78          137            89                       
  *KSAD Diagnostics*                                                                       
  Inattentive Symptoms                 5.5 (3.5)   6.0 (3.2)      5.5 (3.7)   .49   .51    .22
  Hyperactive Symptoms                 3.7 (3.3)   3.8 (3.3)      4.2 (3.3)   .60   .47    .52
  ODD Symptoms                         1.7 (2.3)   1.6 (2.2)      1.8 (2.4)   .81   .80    .83
  CD Symptoms                          .33 (.65)   .57 (1.3)      .30 (.87)   .10   .09    .09
  *Conners\' Teacher Report*                                                               
  Cognitive Problems                   3.0 (3.5)   3.4 (4.0)      3.8 (4.7)   .47   .45    .44
  Hyperactivity                        4.3 (4.8)   3.6 (3.8)      3.1 (3.8)   .20   .24    .13
  *ADHD Rating Scale Teacher Report*                                                       
  Inattention                          4.6 (6.7)   4.3 (6.1)      4.9 (6.5)   .95   .96    .93
  Hyperactivity                        3.1 (5.9)   2.4 (4.5)      2.3 (4.6)   .49   .65    .46

Note. High activity genotypes (La/La); Intermediate activity genotypes (La/Lg, La/short); Low activity genotypes (Lg/Lg, Lg/short, short/short.) p^e^= ethnicity corrected p value, p^eas^= ethnicity age, and sex corrected p value. Inattentive, Hyperactive, ODD, and CD symptoms are parent report on the KSADS-E. Conners\' Scores and ADHD Rating Scale scores are raw total scores on each measure (higher scores signify symptoms/problems).

Test for gene-environment correlation
-------------------------------------

There were no significant differences in reports of self-blame across the three genotype groups (p = .22), suggesting an absence of gene-environment correlation between 5HTTLPR genotype and children\'s report of self-blame. Lack of correlation between this genetic marker and this environmental measure signals that this particular rGE effect is unlikely to emerge as spurious interaction findings in the present analyses (although correlations among unmeasured genes or environments cannot be ruled out).

Main analyses of G × E interaction effects
------------------------------------------

### Teacher report

#### Conners ADHD index

Hierarchical linear regression analyses were used to test for G × E effects. All regression models included the following covariates: age, gender, ethnicity, family composition, and overall conflict frequency/intensity (as reported by the child on the CPIC). All modeling results reported herein include these covariates. Results revealed a significant main effect of self-blame for the total ADHD Index raw score \[b = .19, 95% confidence interval .08-.29, p = .003, total R^2^= .11\], indicating an increase in total ADHD symptoms with higher reports of self-blame. The linear (low activity as risk) and non-linear (low and high activity as risk) main effects of 5HTTLPR genotype were nonsignificant as was the linear × self-blame interaction (all ps \> .28) However, the non-linear × self-blame interaction was significant \[b = .17, 95% confidence interval .06-.24, p \< .001, ΔR^2^= .02, total R^2^= .13\]. Examination of the simple slopes revealed that there was no relationship between ADHD symptoms and self-blame for those with the intermediate activity genotypes (r = -.05, p = .53). In contrast, a significant and positive relationship between self-blame and ADHD emerged for those with the high (La/La, r = .32, p \< .001) and low (Lg/Lg, Lg/short, short/short, r = .40, p \< .001) activity genotypes (See Figure [1](#F1){ref-type="fig"}).

![**5HTTLPR × self-blame interaction predicting teacher ADHD index score**. Scatter plot of the CPIC self-blame and ADHD Index (teacher report) data are displayed and color-coded by genotype group. Solid lines represent best-fitting regression line for each genotype group.](1744-9081-6-23-1){#F1}

#### Cognitive problems and hyperactivity

We then proceeded to examine the Conners ADHD symptom dimensions of inattention and hyperactivity (measured via the Cognitive Problems and Hyperactivity raw subscale scores on the Conners\'). For Cognitive Problems, there was a significant main effect of self-blame \[b = .21, 95% confidence interval .09-.32, p \< .001, total R^2^= .07\]. There was no main effect of 5HTTLPR genotype group using either the linear (p = .29) or non-linear (p = .54) coding schemes. The linear × self-blame interaction was nonsignificant (*p*= .54). The non-linear × self-blame interaction showed a trend, but was also not significant \[b = .07, 95% confidence interval -.01-.14, p = .08, ΔR^2^= .008, total R^2^= .08\] (see Figure [2](#F2){ref-type="fig"}).

![**5HTTLPR × self-blame interaction predicting teacher cognitive problems score**. Scatter plot of the CPIC self-blame and Cognitive Problems (teacher report) data are displayed and color-coded by genotype group. Solid lines represent best-fitting regression line for each genotype group.](1744-9081-6-23-2){#F2}

For Hyperactivity, results mirrored those for the ADHD index. The main effect of self-blame was significant \[b = .15, 95% confidence interval .05-.26, p = .005, total R^2^= .10\]. The linear and non-linear main effects of 5HTTLPR genotype were again nonsignificant as was the linear 5HTTLPR × self-blame interaction (all p \> .26). In contrast, the non-linear 5HTTLPR × self-blame interaction was significant \[b = .15, 95% confidence interval .08-.23, p \< .001, ΔR^2^= .02, total R^2^= .12\]. Examination of the simple slopes revealed a similar pattern of results. For youth with the low and high activity serotonin genotypes, there was a significant and positive relationship between self-blame and Hyperactivity (high 5HTTLPR activity, r = .25, p \< .01; low 5HTTLPR activity r = .43, p \< .001). Yet, there was no relationship between self-blame and ADHD for those with the intermediate serotonin activity genotypes (r = -.15, p = .16) (see Figure [3](#F3){ref-type="fig"}).

![**5HTTLPR × self-blame interaction predicting teacher hyperactivity score**. Scatter plot of the CPIC self-blame and Hyperactivity (teacher report) data are displayed and color-coded by genotype group. Solid lines represent best-fitting regression line for each genotype group.](1744-9081-6-23-3){#F3}

Overall, for teacher report of ADHD symptoms, interactions indicated significant non-linear G × E effects predicting scores on both the ADHD Index and on the Hyperactivity scales, both of which remain significant after correction for multiple tests (ps \< .025). Further, non-linear 5HTTLPR × self-blame interactions remained significant after adjusting for a number of covariates, including gender, age, ethnicity, family composition, and overall level of conflict frequency/intensity (measured via the CPIC conflict properties scale).

### Parent report

#### ADHD index

To evaluate degree of internal replication of results, G × E regression models were repeated with parent report on the Conners\' Rating Scale ADHD index and the two symptom dimension scales with uncorrected p values. For the ADHD index, results again indicated a significant main effect of self-blame \[b = .29, 95% confidence interval .19-.40, p \< .001, total R^2^= .08\]. The main effect of 5HTTLPR genotype as well as the linear 5HTTLPR × self-blame interactions were again nonsignificant (ps \> .63). The non-linear 5HTTLPR genotype × self-blame showed a trend in the expected direction, but did not reach significance \[b = .06, 95% confidence interval -.03-.112, p = .11, ΔR^2^= .007, total R^2^= .09\].

#### Cognitive problems and hyperactivity

The significant main effect of self-blame was again observed in predicting parent report for both Cognitive Problems \[b = .30, 95% confidence interval .19-.41, p \< .001, total R^2^= .06\] and Hyperactivity \[b = .12, 95% confidence interval .01-.23, p = .03, total R^2^= .08\]. Similar to results with teacher report, all main effects of 5HTTLPR genotype (linear and non-linear coding schemes) as well as the linear 5HTTLPR genotype × self-blame interactions were not significant for both Cognitive Problems (all ps \> .74) and hyperactivity (all ps \> .35). The non-linear 5HTTLPR genotype × self-blame interaction was not significant for Cognitive Problems \[b = .02, 95% confidence interval -.06-.09, p = .46, ΔR^2^= .001, total R^2^= .06\]. It also feel shy of significance for hyperactivity \[b = .06, 95% confidence interval -.01-.13, p = .10, ΔR^2^= .008, total R^2^= .08\]. In sum, non-linear G × E interactions were significant in predicting teacher report of ADHD symptoms (and Hyperactivity especially), but were shy of significance when parent report was used as the dependent measure.

### Secondary data analyses

#### Oppositionality and conduct problems

As secondary analyses, we examined the G × E interaction on the Conners\' Oppositionality scale. G × E models predicting teacher report of Oppositionality yielded a main effect of self-blame \[b = .15, 95% confidence interval .03-.26, p = .01, total R^2^= .06\]. Both the linear and non-linear 5HTTLPR × self-blame interactions were non-significant, although there was a trend toward significance for the linear 5HTTLPR × self-blame interaction (p = .10). Results for parent report of Oppositionality were similar. A main effect of self-blame emerged \[b = .20, 95% confidence interval .08-.31, p = .001, total R^2^= .07\], whereas all G × E interactions involving self-blame and 5HTTLPR showed no hint of an effect (ps \> .41).

For completeness, we also examined parent report of conduct disorder symptoms on the KSADS-E (we did not have an analogue of teacher report of conduct problems available for this sample). The linear main effect of 5HTTLPR approached significance \[b = .08, p = .06\], however all other main effects and all G × E interactions were nonsignificant (ps \> .24). Overall, these results indicate that while the non-linear 5HTTLPR × self-blame interaction did not generalize to other disruptive behaviors, self-blame itself may have exert some main effects for ADHD as well as other disruptive behaviors.

#### Replication with DSM-IV symptoms

To enable comparisons with future studies that may rely on ADHD symptom scores, we here report G × E interactions using the lower powered tests with the DSM-IV ADHD Rating Scale. As with the Conners, the non-linear 5HTTLPR × self-blame interaction was significant in predicting teacher report of total ADHD symptoms \[b = .13, 95% confidence interval .01-.23, p = .019, ΔR^2^= .03, total R^2^= .13\] as well as for hyperactive symptoms \[b = .15, 95% confidence interval .01-.28, p = .04, ΔR^2^= .02, total R^2^= .11\]. The non-linear 5HTTLP × self-blame interaction predicting teacher inattentive symptoms was marginally significant, in the expected direction \[b = .09, 95% confidence interval -.01-.14, p = .065, ΔR^2^= .02, total R^2^= .09\]. Again, relationships between self-blame and ADHD symptoms were only positive and significant for those with the low and high 5HTTLPR activity genotypes.

For parent report of hyperactivity, we saw a trend toward non-linear 5HTTLPR × self-blame interactions \[b = .07, 95% confidence interval -.02-.13, p = .15, ΔR^2^= .01, total R^2^= .10\] but not for parent report of inattention (See Table[4](#T4){ref-type="table"} I for complete results of effect sizes and significance for parent, teacher, and composite report for the Conners\' and the ADHD Rating Scale).

###### 

Appendix I

                                           ***Effect Size ΔR***^2^   ***Total R***^2^
  ---------------------------------------- ------------------------- ------------------
  *Teacher Report*                                                   
  Conners\' ADHD Index                     .02\*                     .13
  Conners\' Cognitive Problems             .008+                     .08
  Conners\' Hyperactivity                  .02\*                     .12
  ADHD Rating Scale Total Symptoms         .03\*                     .13
  ADHD Rating Scale Inattentive Symptoms   .02+                      .09
  ADHD Rating Scale Hyperactive Symptoms   .02\*                     .11
                                                                     
  *Parent Report*                                                    
  Conners\' ADHD Index                     .007                      .09
  Conners\' Cognitive Problems             .001                      .06
  Conners\' Hyperactivity                  .008                      .08
  ADHD Rating Scale Total Symptoms         .007                      .09
  ADHD Rating Scale Inattentive Symptoms   .003                      .09
  ADHD Rating Scale Hyperactive Symptoms   .01                       .10

Effect sizes for non-linear 5HTTLPR × self-blame interactions by informant for ADHD symptoms

*Note*. \* indicates significant change in R^2^at p \< .05 uncorrected. + indicates marginally significant change in R^2^at p \< .10 uncorrected.

### Post-hoc data checks

#### Comorbid depression

Because of the influence of selective serotonin reuptake inhibitors and their efficacy in managing depression symptoms, we checked whether a history of comorbid depression accounted for the results. When lifetime depression symptoms (as measured via parent report on the KSADS-E) were included as a covariate, the non-linear interaction terms remained significant in predicting teacher report on the Conners\' ADHD Index \[b = .19, 95% confidence interval .08-.31, p = .002, ΔR^2^= .02, total R^2^= .13\]. This may make sense, given that depression is often associated with only low serotonin activity and the non-linear model posited that both low and high serotonin activity genotypes would show the same relationship between self-blame and ADHD symptoms.

#### Conflict properties as a moderator

As a contrast test, we examined appraisals of conflict properties (e.g., frequency and intensity of conflict) as a moderator in the G × E analyses. While conflict properties exerted a main effect on both parent and teacher reports of ADHD symptoms (p \< .01), the linear and non-linear 5HTTLPR × conflict properties interactions were not significant using either parent or teacher report (ps \> .69). This suggested that results for self-blame could not be attributed to measurement artifact.

#### Age and pubertal status

The sample consisted of children and adolescents covering a wide age range (6-18 years). Serotonin systems have been suggested to function differently in pre and post-pubertal children \[[@B71]\]. While we covaried age in the G × E analyses, the functional serotonin literature would suggest separate analyses for pre and post-pubertal children. We therefore conducted exploratory analyses by examining G × E interactions by pubertal stage. Pubertal status was evaluated by a self-report scale used in prior work; it provides an estimated Tanner staging score that correlates about .70 with physician ratings of Tanner stage \[[@B72]\]. Using this measure, children were classified as belonging to one of five pubertal stages (pre-pubertal n = 16, early pubertal n = 31, mid-pubertal, n = 60, late-pubertal n = 112, and post-pubertal, n = 85). We then examined interactions separately for pre-to mid-pubertal children (n = 107) versus late to post-pubertal youth (n = 197).

These exploratory results revealed that the non-linear 5HTTLPR × self-blame interactions predicting teacher report on the Conners\' ADHD Index remained significant for post and late-pubertal youth (p = .032, ΔR^2^= .02, total R^2^= .14) but only showed a trend toward significance in pre to-mid pubertal children (p = .14, ΔR^2^= .008, total R^2^= .10). While these data are preliminary, they may reflect potential differences in serotonin functioning with age and development. The influence of development on the functioning of the serotonin system, including any potential role for G × E interactions for ADHD involving serotonin system genes, remain critical questions to address in future studies.

Discussion
==========

When ADHD is conceptualized as emanating from the development of emotional and behavioral regulation, specific genetic and family environmental factors are likely to jointly influence ADHD outcomes in particular ways. The present report capitalized on the potential to investigate an important genetic marker for liability to emotional and behavioral dysregulation (5HTTLPR), along with a particularly salient marker of environmental risk (children\'s appraisals of blame in relation to inter-parental conflict).

The current study provides evidence of G × E effects for ADHD involving 5HTTLPR and youth appraisals of self-blame. Our analytic methods allowed us to examine a hypothesis previously untested at the genetic level - namely that both high and low serotonergic activity genotypes (e.g., 5HTTLPR) exert risk for ADHD symptoms. Findings from both the functional serotonin literature as well as from molecular genetic association studies have yielded seemingly conflicting findings about whether increased or reduced serotonergic activity is related to ADHD. The present results suggest that at the genetic level, *both*high and low serotonergic activity genotypes exert risk and that these risk mechanisms are modulated by salient psychosocial stressors.

The results were generally consistent across informant, although results for parent ratings were shy of the significance levels seen with teacher ratings. For teacher report, the pattern of results indicated significant non-linear 5HTTLPR × self-blame interactions for hyperactivity/impulsivity but not inattention or cognitive problems. The interactions revealed that youth appraisals of self-blame were significantly related to ADHD symptoms for children with the low activity (Lg/Lg, Lg/short, short/short) and high activity (La/La) 5HTTLPR genotypes. Those with the intermediate activity genotypes (La/Lg, La/short), on the other hand, appeared to be immune to whatever effects self blame was having on hyperactivity/impulsivity. The interaction was not accounted for by age, gender, or ethnicity, by family composition, by overall levels of conflict frequency/intensity, or by main effects of 5HTTLPR genotype or youth reports of self-blame. It was also not likely to be due to measurement artifact, because another scale (conflict properties) showed no hint of interaction.

Analysis of the symptom dimensions appeared to indicate some preliminary evidence for specificity of effects. The non-linear 5HTTLPR × self-blame interactions were non-significant or marginally significant for teacher and parent report of cognitive problems. In contrast, non-linear interactions were significant for teacher report and marginally significant for parent report of hyperactivity. The interaction again revealed that for youth with the high and low serotonin activity genotypes, the relationship between self-blame and hyperactivity was positive and significant. When examined again via the ADHD Rating Scale, a similar pattern emerged, however, the effect appeared attenuated for both parent and teacher report using DSM-IV symptom counts, perhaps due to the loss of power using the less well-distributed scores on that scale. Some potential specificity in terms of G × E effects for the ADHD symptom dimensions may make sense, as hyperactivity-impulsivity and inattention have been described as being partially separable at the genetic, neural, and temperament levels \[[@B41],[@B73],[@B74]\] as well as in recent factor analytic work \[[@B75]\].

The effects appeared to be somewhat specific for ADHD, as the non-linear 5HTTLPR × self-blame interactions showed no hint of an effect for oppositional defiant disorder symptoms (by teacher report) or conduct problems (by parent report). In contrast, the linear 5HTTLPR × self-blame interaction showed marginal significance for oppositional defiant disorder symptoms. If that result were to prove stronger in future work, it could indicate that only individuals with the low activity 5HTTLPR genotypes are vulnerable to development of oppositional and conduct problems \[[@B22]\].

Post-hoc data checks indicated that results were not generalizable to any appraisals of inter-parental conflict, as conflict properties failed to show significant moderation in the G × E analyses. Thus, there appears to be something about self-blame that is important for ADHD specifically. This is line with current work from our own laboratory (which included a portion of this sample) that indicates that among the CPIC scales, self-blame is a significant and unique predictor of ADHD symptomatology \[[@B48]\].

In addition, while serotonin functioning and serotonin genes have also shown association with a number of conditions, including mood disorders, the current findings were not explainable by a history of comorbid depression symptoms. Furthermore, while effects were stronger in late and post-pubertal youth, non-linear 5HTTLPR × self-blame interactions continued to show marginal significance in younger children (pre- to mid-pubertal). Thus, while developmental timing and its relationship with serotonergic functioning may be accounting for some of the effects - and will be an interesting avenue for future study - the non-linear 5HTTLPR × self-blame interactions observed here could not be fully explained developmentally.

Implications
------------

With regard to the genetic literature for ADHD, our results failed to replicate a main effect of 5HTTLPR genotype with ADHD symptoms that has been previously reported \[[@B76]-[@B78]\]. Unlike these prior studies, we genotyped the A\>G substitution to create a more precise set of 5HTTLPR genotypes in regard to functionality. Using this triallelic configuration of 5HTTLPR genotype, our results are consistent with prior research, which also found no main effect of association between the triallelic formulation of 5HTTLPR and ADHD \[[@B39]\]. Furthermore, while our results did not support a main effect of 5HTTLPR, these results add to recent evidence that serotonin genetic risk as indexed by 5HTTLPR genotype and disruptions in the family environment interact together to predict deficits in behavioral and emotional regulation \[[@B79],[@B80]\]. Overall, these results complement growing evidence suggesting that 5HTTLPR confers liability for ADHD that is activated in particular environments, rather than conferring risk for ADHD directly.

The overall results are also suggestive of a potential heterozygote advantage, which has been suggested as a potential explanation for some diseases, including mental disorders \[[@B81]\]. However, a recent G × E study examining 5HTTLPR and psychosocial risk indicated effects in the opposite direction: only those with heterozygote 5HTTLPR genotypes showed increased violent behavior in adulthood within the context of an adverse rearing environment \[[@B82]\]. It may be the case that any \'heterozygote advantage\' in 5HTTLPR may be modulated by developmental stage. In the present study, concurrent negative outcomes (i.e., increased ADHD behaviors) were associated with interactions between low and high 5HTTLPR activity and self-blame, whereas the prior G × E study \[[@B82]\] evidenced heterozygote \"disadvantage\" for outcomes later in life. In line with this, the serotonin system has been shown to function differently in children and adults in regard to its association with impulsive and aggressive behavior. Further, our main outcome variables involved ADHD and oppositionality symptoms measured in childhood and adolescence, compared with aggressive and violent behavior measured in adulthood, which was examined as outcome measures in this prior G × E research \[[@B82]\]. It is possible that the heterozygote genotype may differentially exert risk or protect from negative outcomes depending upon developmental stage (childhood and adolescence versus adulthood) as well as the type of behavior being assessed (inattention, hyperactivity-impulsivity versus aggression and violence).

Limitations
-----------

Certain limitations are important to note. First, we did not have parent DNA available for the majority of our sample, thus the use of family-based analyses was not possible. While unlikely, we cannot rule out population stratification effects. Second, because our sample is cross-sectional, we could not examine the longitudinal relationships between appraisals of self-blame and ADHD symptoms. It may be the case that more frequent inter-parental conflict is the result of having a child with more severe ADHD symptoms and that over time, children view themselves (perhaps correctly) as being responsible for their parents\' marital problems. As is always the case with single studies of genetic or environmental effects, our findings may be false-positives. Thus, replication of these results in other samples is necessary.

The influence of development on the functioning of the serotonin system, including any potential role for G × E interactions for ADHD involving serotonin system genes, remains in need of further investigation in more costly studies, which may be justified by results such as the current one. In addition, the influence of age regarding comprehension of the 48-item CPIC remains in need of further exploration. While we took several steps to assure correct comprehension and completion of the CPIC in younger children, future work extending on these results may be well-served by considering the CPIC-Y designed for younger children \[[@B61]\].

Overall, our study is among the first to examine relationships between 5HTTLPR and ADHD as well as interaction effects using the triallelic genotype configuration. Results suggest that both the low- and high-activity 5HTTLPR genotypes increase risk for ADHD symptoms within the context of higher levels of youth self-blame in relation to their parents\' marital conflict.
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